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TECHNICAL NOTE 3732

AN INVESTIGATION OF VERTICAL-WIND-SHEAR INTENSITIES
FROM BALLOON SOUNDINGS FOR APPLICATION TO
ATRPIANE- AND MISSILE-RESPONSE PROBLEMS

By H. B. Tolefson
SUMMARY

An analysis was made of the daily upper-wind soundings obtained from
one station for a period of one year in an attempt to obtain measurements
of the vertical wind shear in & form applicable to airplane- and missile-
response problems. On the basis of the variaetion with altitude of the
wind speed and direction indicated by the soundings, significant wind-
shear layers were resolved into two crosscomponents, the so-called longi-
tudinal and normal shears, and their intensities and thicknesses deter-
mined. These data are summasrized in the form of frequency distributions
of the shear intensity and the thickness of the shear layers for different
altitude ranges and seasons of the year.

The results.indicate maximum longitudinal shear intensities of about
100 meters per second per kilometer occurring at altitudes of 10 to 15 kilo-
meters during the winter and spring months and maximum normal shear inten-
sities of about 60 meters per second per kilometer. Only about 10 percent
of the shear layers were greater than 1 kilometer in thickness. The
application of these results on the wind-shear intensities to the calcu-
lation of the normal response of a missile in vertical flight at two dif-
ferent altitudés is also considered briefly.

INTRODUCTION

In the past, information on the wind veloeities at different alti-
tudes has been of interest in the operation of conventional military and
commercial alrplanes primarily because of the effect of the wind on the
range or performence of the airplane. In particular, the wind speeds
and dlrections at the optimm cruising altitudes are significant factors
in flight planning. With the development of airplanes capable of high
rates of climb or descent, the need has become urgent for more detailed
information on the wind variations with altitude because of the effects
of the large vertical wind gradients (wind shears) on the loeds or motions
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of the alrplane during high-speed climb or descent. This problem is also
serious for missile operations since the accuracy of ballistic missiles
and the requirements for the stabllity and control of guided missiles

may be seriously affected by the response of the missile to intense verti-
cal wind gradients during the vertical-flight portion of the trajectory.
As a consequence, data are needed on the characteristics of the vertical
wind shear at different altitudes.

A consliderable smount of data on the wind speeds and directions st
different altitudes is available from past investigetions. The varia-
tlons in the wind fields for altitudes up to about 30,000 feet (9 kilo-
meters), for example, are discussed in some detail in reference 1.
Exasmples of large wind shears in the vicinity of the jet stream near
tropopause levels are given in references 2 and 3. For higher altitudes,
reference U sumarizes the average wind conditions as determined by vari-
ous methods such as balloon sowndings, sound-propagation studies, and the
drift of smoke puffs from bursting smoke shells. In most of these cases,
however, the data are not in & form sultable for determining the megni-
tude and frequency of occurrence of the vertical wind shears at given
altitudes for use in design studies of the loads and motions of alrplanes
or missiles.

In order to provide the designer with information on the magnitude
and freguency of occurrence of the vertical wind shears to eltitudes of
about 100,000 feet (30 kilometers), a study of wind data obtained from
balloon soundings was undertaken by the National Advisory Committee for
Aeronsutics with the cooperation of the Office of Climetology, U.S.
Weather Bureau. For this study, the daily upper-air soundings taken at
the Weather Bureau station at Silver Hill, Maryland, for a period of
one year were used to determine the sheer layers from the verietions in
the wind velocity and the altitude intervals over which these variations
occurred. The calculations for the shear layers utilized the facilities
of the National Weather Records Center, Ashville, North Carolinsa.
Although data on the wind velocities obtained from balloon soundings are
recognized as being limited both in altitude and in the reliability: of
the observations by the performance of the surface tracking equipment,
the soundings offered the only avallable source of statistical data on
the wind shears.

In this report, the data on the vertical wind shears evaluated from
the Silver Hill soundings for the one-~year period are presented in a form
suitable for assessing various airplane- and missile-response problems.
The method of evaluating the soundings is described together with a con-
sideration of the accuracies involved. As an indication of some applica-
tions of the data, an example is then given of the calculated normal
response of a ballistic missile to a typical wind-shear layer.
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SYMBOLS

h altitude, km

Ah altitude increment, km

S vertical wind shear between reference altitude and next high-
est altitude level, mps/km

AS increment of wind sheasr for successive altitude intervals
above reference altitude, mps/km

St vertical wind shear for a given shear layer, mps/km

v wind veléci‘by, mps

A.V wind-velocity increment or wind gradient, mps

o wind direction, deg

€ elevation angle, deg _

(o] root-mean-square (rms) error of designated quantity

Subscripts:

0 reference altitude or adjusted value

1,2,.een successive altitudes sbove reference altitude

A bar over a symbol indlcates the mean value.
DEFINITIONS

Vertical wind shear - The average wind gradient in the vertical;
the difference in the wind velocities at an upper and a lower alti-

tude divided by the altitude increment, -AA—X.

Longitudinal wind shear - A component of the vertical wind shear
for the case in which the wind velocity at the upper altitude is the
veloclity component parallel to the wind direction at the lower altitude.

Normal wind shear - A component of the verticel wind shear for the
case In which the wind velocity at the upper altitude 1s the velocity
component normal to the wind direction at the lower altitude.
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Shear layer - An altitude interval for which the calculated longi-
tudinal or normal wind shear is equal to or greater than 6 mps/km.

SCOPE OF DATA AND APPARATUS

The data aveilasble for the present study consisted of the dalily
0300 and 1500 G.m.t. (10:00 p.m. and 10:00 a.m. e.s.t.) wind soundings
teken at the Weather Bureau observatory at Silver Hill, Maryland, from
July 1, 193, to July 1, 1954. These soundings were taken with the
AN/GMD—l rawin system., Briefly, this system consists of radio-direction-
finding and radiosonde equipment. The dlrection finder automatically
tracks a balloon-borne transmitter and records the elevation and azimuth
angles at O.l-minute time intervals. The radiosonde equipment provides
simultaneous data on the alr temperature, pressure, and humidity which
are used to determine the altitude of the balloon. The track of the
balloon as computed from the altitude and the elevation and ezimuth engles
then provides the informatlion on the wind speed and direction at different
altitudes. In the routine evaluation of the rawin data, average values of
the wind speed and direction are determined at consecutive l-minute time
Intervals from the time history of the flight path of the balloon. Since
the rate of ascent of the balloons used in the present soundings wes
approximately 1,000 feet per minute, the wind observations were obtained
at about 1,000-foot altitude intervals.

The altitude coverage of the Silver Hill data is indicated in fig-
ure 1 in terms of the number of soundings which reached various altitudes
during the one-year observing period.

EVALUATION OF DATA

General Considerations

In developing the method of evalusting the soundings, both the char-
acteristics of the wind data available and the properties of the distur-
bances important to the airplane response were considered. As en illus-
tration of the characteristics of the wind data, several of the Silver
Hill soundings are shown in figure 2. The soundings in figure 2 were
selected to illustrate some of the extreme variations in wind speed and
wind direction which were indicated by the data.

The outstanding features of figure 2(a) are the large variations in
wind speed which are indicated by the soundings for altlitudes between 9
and 19 kilometers. For the largest of these variations (the sounding of
December 23, 1953), the wind speed increases sharply from eabout 40 mps
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at 13.6 kilometers to 117 mps at 14.5 kilometers and then decreases
repidly to 20 mps at 16.7 kilometers. Such large fluctuations in wind
speed would result in intense wind shears over consecutive altitude
intervaels of 0.9 and 2.2 kilometers. Figure 2(a) also shows that only
small changes in wind directlion are associated with the large speed
fluctustions. In figure 2(b), lerge variations in wind speed are also
indicated near tropopause levels, but the significant features are the
large and erratic variations in the wind direction indicated for the
higher altitudes. For the sounding of December 12, 1953, in particular,
almost a complete reversal of wind direction is shown between altitudes
of 19.2 and 20.3 kilometers. Although the wind speeds are relatively
low and constant over this altitude interval, such a large change in
wind direction would result in a large wind shear over a depth of

1.1 kilometers.

In evaluating these soundings for data pertinent to the response
of an airplane in vertical flight, the importent quantities appeared to
be the intensities of the wind shears end the thicknesses of the shear
layers. In addition, since the lmportant velocity components for studies
of the loads or motions of an airplane in atmospheric disturbances are
usuelly those acting normel to the wing or tail surfaces, it was con-
sidered desirable to resolve the wind shear into two crosscomponents.
Although different sets of reference axes could be used to specify the
two components, the maximum shear values resulting from the variations
with altitude of both wind speed (fig. 2(a)) and wind direction (fig. 2(b))
could best be represented by using the wind direction at the base of the
shear layer as a. reference. In the subsequent evaluation of the Silver
Hill soundings, the component in the direction of the wind at the base of
the shear layer is referred to as the longitudinal shear. The component
perpendicular to the longitudinal shear is referred to as the normal
shear.

Method of Evaluation

Evaluation of soundings.- In order to illustrate the method of eval-
ueting the two components of the wind shear, the results from a section
of a sounding are given in figure 3. ¥or the evaluation, the wind vector
8t the surface is taken as a reference and the wind vector at the next
highest altitude 1s then resolved into components along and normal to the
direction of the surfece wind. The average wind sheayr for each component
of this layer is then given by the difference between each component and
the surface wind speed divided by the altitude interval between the two
levels. For the longlitudinel component of the first altitude interval
in figure 5, the shear S 1is given by

g = Vl cos(a.; - a.o) - Vo (l)
by -bo
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In evaluating the data, it is of course necessary to set some lower
1imit or threshold which is based on both the accuracy of the data and the
values which become unimportent to the eirplane response. From such con-
siderations of the data, & threshold of 6 mps/km was established for the
evaluation.

’

If the value of S determined by equation (1) is less than the
threshold of 6 mps/km, the wind shesr is discarded. The wind vecto;; Vi

in figure 3 is then taken as the new reference, and the calculation for
the component of wind shear in the direction of V; and between alti-
tudes 'hl and h, 1s similarly made. If the new value is also less

than the threshold, it is discarded and Vo, 1is taken as the reference.

If, however, the value of S as determined by equation (1) is 6 mps/km
or greater, the extent of the shear layer is determined by calculating
the longitudinel component of the wind shear for the next altitude inter-
val. By referring to figure 3, this calculation for the shear lncre-
ment AS can be made from the relation

AS = Vo cos(a.2 - a.o) -V cos(a.l - “’0) (2)

hy - Iy

For the cases where AS 1is less than 6 mps/km, the original value
of S is the desired wind shear, and the thickness of the shear layer
is hy - hg. For the cases where AS 1is equal to or greater then

6 mps/km, the calculation indicated by equation (2) is repeated for
vectors Vz, Vy, . . . V5 until a value less than the threshold is
obtained. This point then indicates the top of the shear layer. The
final value for the longitudinal component of the sheaxr for the layer
is given by

_Vn cos(an - ap) - Vo
oa (3)

In proceeding with the calculations, the upper altitude h, now

becomes the reference for the next shear leyer. In these calculations

a wind-shear layer includes only those values of AS which are in the
same direction as the shear for the initial interval; that is, AS must
have the same sign as S. Also, the shear values represent only the
average velocity gradient over a given altitude intervel. The method

of computing the winds from the recorded surface data, in addition, tends
to smooth the sharper velocity fluctuations which may occur between the
approximate 1,000-foot observing intervals.

sl

The steps for calculating the normal component of wind shear are
gimilar to those given for the longitudinal component except that the
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cosine function 1s replaced by the sine function and, of course, Vp

drops out of equations (1) and (3). The value for the normal component
of the shear for a given layer is given by

gr _ Yo s1n(on - ag) - "
by - Bo

For further information on the method of evaluation, the calcula-
tions for the longitudinal shear components and the altitudes and thick-
nesses of the shear layers for the sounding of December 25, 1953
(fig. 2(a)) are summarized in table I. In figure 4, the absolute values
of both the longitudinel and the normal components of the wind shear
evaluated from 20 soundings for the 10- to 15-kilometer altitude interval
are plotted against the thickness of the shear layers to illustrate the
general characteristics of the data obtained.

Evaluation for effect of measurement errors.- As has been indicated
previously, the wind measurements from the rawin system are subject to
error because of limitations in the performance of the surface radio-
direction-finding and radiosonde equipment. These errors in the wind
observations become particularly serious at high altitudes for strong
winds and low elevation angles and, of course, propagate large errors in
the shears calculated from the wind speeds, directions, and altitudes.
It thus becomes important to evaluate the magnitude of these errors in
the wind shears. The method used for evalueting the effect of these
measurement errors on the wind-shear dates 1s given in the appendix.
Briefly, the method consists of estimating the root-mean-square error in
the wind speeds and directions from the inherent observational errors of
the rawin system. The wind-measurement errors depend upon such factors
as the elevation angle and altitude of the balloonj; consequently, it
was necessary to examine the wind speeds and directions pertinent to
each shear meassurement. The resulting root-mean-square error in each
shear layer was then determined.

These calculations for the effect of the instrument errors on the
shear intensities indicated that meny of the shear values were meaning-
less since the root-mean-square error for these cases was equal to or
even greater than the value of the wind shear. As examples of the rela-~
tive magnitude of the errors associated with the wind-shear values, the
root-mean-square errors are given in figure 4 for several of the longi-
tudinal end normal shear lasyers. For higher altitudes and strong winds
the relative magnitude of the errors may become appreciably greater than
for the cases shown in figure U4 because of the low elevation angles.
(See appendix.)

In an attempt to sort out the unrelisble -data, all shear layers in
which the root-mean-square error was greater than the computed shear were
discarded. As an additional check on the dats, a detalled examination
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was made of the soundings which indiceted extremely erratic winds, par-
ticularly erratic changes in wind direction at high altitudes for high
wind speeds. Such cases In which large fluctuations in wind direction
occurred between the comsecutive 1,000-foot recording intervals were
considered as reading or recording errors and were not included in the
results. In addition, all values for which the elevation angle was less
than T° were considered questionsble and were discerded because of the
large errors associated with these readings. This screening of the data
resulted in discarding approximately 10 percent of the shear layers cal-
culated for altitudes less than 15 kilometers and 30 percent of the shear
layers calculated for altitudes greater than 15 kilometers. The shear
data are thus probably biased to the extent that the intense shears at
high altitudes and strong winds are not sultably represented.

RESULTS

The soundings were evaluated for the longitudinal and normal com-
ponents of the wind shear and the depth of the shear layers by means of
the procedures discussed in the preceding section. As would be expected,
considerable variation existed in the intensities and altitudes of the
shear layers from one sounding to another. In order to determine the
overall altitude and seasonal veriations in the wind shears, the data
were grouped by 5-kilometer altitude intervals for the four seasons:
spring, Merch through May; summer, June through August; fall, September
through November; and winter, December through February.

An inspection of these results indicated that the positive and nega-
tive values of the shear intensities were about equal in number and were
symmetrically distributed about the threshold velue. The positive and
negative values were accordingly combined and the resulting frequency
distributions are given in table II for shear intervals of 5 mps/km and
for the 5-kilometer altitude intervals of each season of the year. The
total number of shear layers, the number of soundings obtained at each
altitude interval, and the average number of shear layers for each sounding
are also given in table IX to indicate the sample size and the average fre-
quency of occurrence of the shear layers. In addition, the root-mean-
—\1/2
square shear (8'2) / obtained from each of the distributions is given
10 provide a measure of the sheer intensity for the different altitudes
and seasons. An increased root-mean-square value, in general, indlcates a
greater probability of exceeding the larger shear intensities. These
values are not given for the 25~ to 30-kilometer altitude interval of
the spring and winter seasons because the data represent only three

soundings.
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Although taeble II summarizes only the more reliable data on the
shears, random errors are stlill associeted with each value in the table.
No simple method appeared avallable to account for these errors. As a
measure of the relative reliability of the data for the various altitudes

2)1/2

and seasons, however, the root-mean-square value of the errors (US,

1s also given for each distribution. The appreciably larger errors asso-
ciated with the dete at the highest altitudes are epparent from a compar-

1/2
ison of the values of (os,a) in the table.

Since the data in table II represent only the intensity of the aver-
age shear gradients and provide no information on the thickness or the
vertical extent of the shear layers, the data were also sorted to examine
the layer thicknesses for variation with altitude, shear intensity, and
season of the year. Sample distributions indicating the probability that
glven layer thicknesses would be exceeded are shown in figure 5 for both
the longitudinal and normal shear components and for the different alti-
tude intervals of the winter season. In figure 6, the probability dis-
tributions are shown for different ranges of longitudinal shear intensity
for the winter season. Other distributions also indicated only minor
veristion in layer thickness for the different altitudes, seasons, or
shear intensities and are not shown.

-

DISCUSSION OF WIND-SHEAR MEASUREMENTS

The results presented indicate the general characteristics of the
shear layers as obtained from an analysis of balloon soundings. As has
been indicated, these results provide measurements of only the average
shear gradients for layer thicknesses greater than about 0.3 kilometer -
and are limited in accuracy, particularly at the higher altitudes. The
data, however, provide information on at least the general level of the
shear intensities and their frequencies of occurrence and afford a basis
for assessing the significance of the shears in regard to airplane or
missile behavior. Some detalls of the results obtained are discussed
in the following paragraphs.

Shear Intensities and Frequencies

Very intense longitudinal shears of 100 mps/km or greater are indi-
cated in table II for the winter and spring months and of about 80 mps /km
for the summer and fall months, As has been noted, the normal shear
intensities are of smaller magnitude but the maximum intensities are
still about 50 to 60 mps/km. These results indicate that intense verti-

cal wind shears may be encountered by an alrplane or missile in vertical
flight, particularly at altitudes from 10 to 25 kilometers.
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An indication of the average number of shear layers which might he
expected for such flights may be obtalned by considering the average num-
ber of shear layers per sounding in teble II. For the more intense shears,
teble TI(a) indicates 25 cases with intensities greater than 50 mps/km
for the spring season at altitudes from 10 to 15 kilometers. Based on
the 171 soundings for this altitude interval, a shear layer with an
intensity greater than 50 mps/km would be expected on the average once
in seven soundings (or flights). Although these values glve no indica-
tion of the number of intense shear layers that might occur for a given
flight, an examination of individual wind profiles (such as in fig. 2)
indicated that "fingers" or adjacent layers of high wind were common
to many soundings. It thus appears that several intense shear layers
would be encountered in some ceses.

Altitude or seasonal variations in the wind-shear data in table II
mey be estimated by comparing the values of the root-mesn-squere shear

—5\1/2
intensities (5,2) / at the different altitudes and the associated
)1/2

root-mean-square errors (05.2 « For these roo%-mea.n-square values,

increased rocot-mean-square errors would result in increased root-mean-
square shear intensities. On this basis, a comparison of the velues in

—5\1/2
the teble indicetes that the root-mean-square shear intensities gt2 /
are reasonably representative at the lower altitudes but are much too
large at the higher altitudes. As a consequence, the data in table II
suggest a general maximmm in the shear intensities at about tropopasuse
levels for the winter and spring seasons.

Layer Thickness

Figures 5 and 6 indicate no appreciable effects of altitude or shear
intensity, respectively, on the leyer thicknesses. The figures also
indicate that only about 10 percent of the shear layers encountered by an
airplane or missile would be greater than 1 kilometer in thickness. It
might be again noted In this connection thet the minimum measurable layer
thickness was about 0.5 kilometer. The tendency for somewhat thicker
layers of normal shear to occur at altitudes from O to 10 kilometers than
at higher eltitudes (fig. 5(b)) probebly results from the varisble winds
usually found at low altitudes.

Since the combination of both the layer thickness and the shear
intensity is of interest in considering airplane or missile response,
the following examples are given for several of the more severe longi-
tudinal shear layers measured from the soundings. Shear intensities of
106, 110, and 125 mps/km were associmted with layer thicknesses of 1.3,
0.67, and 0.62 kilometers, respectively. Other typical values were shear
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intensities of 61, 80, and 90 mps/km which had thicknesses of 1.5, 0.36,
and 0.76 kilometers, respectively. As has been indicated, the layers of
normal shear covered about the same range of thicknesses but the inten-
slties were less.

Geographical Representativeness

As has been mentioned previously, date on the wind shear are avall~-
able from other investigations. Comparison of these data indicated large
variations, as would be expected for the different geographical locations.
The results are summarized briefly in the following paragraph to indicate
the differences in the shear intensities which might be attributed to
geographlcal effects.

An examinsation of the wind soundings given in reference 5 indicates
maximm vertical wind shears of about 135 mps/km at an altitude of
23 kilometers over Jepan during the winter season. The layers were less
then 1 kilometer in thickness for these extreme cases. For layers greater
than 1 kilometer in thickness, the data Iindicate maximum shears of aboub
80 mps/km. An evalustion of a small number of wind soundings teken over
England (ref. 6) during one month from each season of the year indicates
maximm vertical wind shears of about 25 mps/km at altitudes from 20,000
to 40,000 feet. Reference 1 cites vertical wind shears of about 100 mps/km
vhich were observed at an altitude of 30,000 feet during airplane research
flights over Australla. The thicknesses of the layers over which these
shears were measured are not given. Reference T illustrates several cases
in which vertical wind shears up to 60 mps/km were observed during jet-
stream occurrences over easterh and midcontinentel locations in the United
States. The thicknesses of the shear layers cannot he determined accu-
rately from the vertical-wind profiles given in the reference, although
the layers eppear to be less than 1 kilometer thick.

The results of these different Investigations suggest sizable varia-
tions in the shear intensitlies for the different locations. For locations
under the influence of severe Jet-stream activity - such as evidenced by
the dete from Jepan in reference 5 -~ more severe shear intensities than
given in table II may be expected.

EFFECT OF WIND SHEAR ON MISSILE RESPONSE

As an indication of the effect of a glven wind-shear layer on the
loads and motions of an airplane or missile in vertical flight, calcu-
lations were made for the acceleration and translation, normal to the
longltudinal axis, of a ballistic missile traversing a wind-shear layer
at altitudes of 35,000 and 70,000 feet. For these calculations, a single
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shear gradient of 100 mps /km extending over a depth of 1 kilometer was
selected as being representative of the more intense shears of teble II.
A missile configuration with high mass and low damping of the short
period was selected as being typical of current ballistic misslles. The
values for the missile parameters used In the calculations were based on
available wind-tunnel-test data at a representative f£light Mach number
for the type of missile under consideration.

In performing the calculations, the normal response of the missile
to a linear-gradient shear layer was obtalned by superposition from the
calculated missile response to a unit step gust. The acceleration
response at the center of gravity for a unit step was determined by means
of a solution to the equations of motion given in reference 8 for the
case of a rigid missile free to move in a direction normsl to lts longil-
tudinal axis and to pitch about its center of gravity.

The results of the calculations indicated a maximm acceleration
increment of sbout 0.6g and a lateral displacement of about 6 feet at
an altitude of 35,000 feet. At an altitude of 70,000 feet, the corre-
sponding values were about 0.3g and 3 feet, respectively. Check calcu~
lations for several other tailed and tailless missile configurations
and current fighter airplanes traversing the shear layer indicated maxi-
mum acceleration increments up to about 1.5g. Although these values of
accelergtion may be significant, they still appear somevhat small com-
pared with the accelerations expected for high-speed airplane or missile
flights through more severe turbulence such as may be encountered in
thunderstorms. :

CONCLUDING REMARKS

The analysis of the daily upper-wind soundings obtained from one
station for a period of one year is an attempt to obtain vertical-wind-
shear measurements in a form suiteble for studying airplane- and missile-
response problems. The results obtained on the shear intensities, fre-
quencies of occurrence, and thicknesses of the shear layers and their
variation with season and altitude are limited, both in regerd to the
accuracy of the results and the altitude range covered, vy the perform-
ance of the surface tracking equipment. These results, however, pro-
vide a basis for assessing the significence of the shear layers on alr-
plane or missile behavior.

Langley Aeronautical Iaboratory,
Netional Advisory Committee for Aeronsutics,
Lengley Field, Va., April 18, 1956.
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APPENDIX
EFFECT OF MEASUREMENT ERRORS ON WIND-SHEAR CAICULATIONS

In estimating the errors in the wind-shear calculations, use is
made of the errors in the measurements of wind speed, direction, and
altitude which are inherent in the rawin observations. Estimates of
these errors in the wind measurements are based on the results obtained
from a Signal Corps study of the performence of the AN/(‘MI)-l rawin set
(ref. 9) and results obtained at the Langley Aeronsutical Laboratory.

The Signal Corps study indicates that the standard (root-mean-square)
errors in the various quantities measured with the rawin system are as
follows:

Absolute elevation and azimuth angles, deg ¢« « « « « o« ¢ o« ¢ « =« « 0.1
Incremental elevation and ezimuth angles, deg « ¢« ¢« o« ¢« o« « o « « 0.05
Absolute pressure, altitude less than 40,000 feet, mb . « « « « & 3
Absolute pressure, altitude greater than 40,000 feet, mb « « « . « 1.5
Incremental Ppressure, Mb « o« o o o o o o s ¢ s o s o o s o o o o o 1

These instrument errors are used in reference 9 to derive the resulting
errors in the wind velocity. A comparison of the results given in refer-
ence 9 for the different instrument errors indicates that significant
contributions to the errors in the wind veloclty arise from the errors
in the incremental elevation angle and the incremental and absolute
pressures. On the basis that these instrument errors are random and
independent, the resulting root-mean-square error in the wind velocity
may be obtained from the square root of the sum of the squares of the
individual errors in the measurements. This root-mean-square error in
the wind velocity is shown in figure T as a function of altitude and
elevation angle. It will be noted from figure T that the root-mean-
square error in wind velocity increeses rapidly with increasing altitude
and decreasing elevation angle.

The errors in the measurement of wind direction were estimated from
e limited series of soundings taken at the langley Aeronsutical Iaboratory
in which both a modified SCR-58L4 radar-phototheodolite system and an
AN /GMD-l rawin system were utilized for balloon tracking. The soundings
were maede to altitudes of about 60,000 feet and represented wind veloc-
ities up to 50 or 60 miles per hour. The radar system is described in
reference 10 and is considered as the most reliable method available at
the present time for obtaining balloon positioning data. The differences
between the wind directions computed for the radar and AN/C'MD-l rawin
systems for simulteneous l-minute observing intervals were used to deter-
mine the root-mean~square direction error of the AN/GMD-l rawin system.
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The resulting value was about 4° for the altitudes and wind conditions
represented. This value of 4° was used to represent the root-mean-square
wind-direction errors in the Silver Hill soundings.

Check calculstions for a nmumber of shear layers evaluated from the
present data indicated that the effects of the errors in the altitude inter-
val were smell compared with the effects of the errors in the wind speed and
direction (less than 10 percent). The errors in the thicknesses of the
shear layers were accordingly neglected.

Conventional methods were used to estimste the root-mean-square
errors in the longitudinal and normsl components of the wind sheers from
the preceding values of the root-mean-square errors in wind velocity and
direction. For the case of the longitudinel shear, the following expres-
sion given in the section entitled "Method of Evalustion" was used to
evalugate the shear intensity: -

- Vp cos(ay = ag) - Vo (5)
by - Dy
The errors in the wind shear S' resulting from the random errors in the

measurements of V,, Vg5, ap, and ap may then be expressed by the
derivative of S!

Sl

=t
by - By

where the da and dV terms are the errors in the wind directions eand
veloclties, respectively, for the upper and lower altitudes of a given
shear layer. Check calculations for a number of the longltudinal-shear
layers indlcated that the changes in wind direction were generally less
than 5° for the significant shears and that neglecting these directional
changes would result in discrepancies of less than 10 percent. The term
containing the sine of the angle was accordingly dropped from the pre-~
ceding equation, and the cosine of the angle was considered to be unity.
On the basis that the errors represented by do and dV are random
and independent, the root-mean-square error in the computed values of
the longitudinal shear components may then be obtained from the square
root of the sum of the squares of the remaining terms, or

ast [-vn sin(ay - ag)(du, - dag) + cos(oy - ap)dVy - dVo:l (6)

-1 2+ 2 1/2 (7
%t = i ag (T * o) )

where o 1in each case indicates the root-mean-square error in the
designated quantity.
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For most values of the wind shear evaluated from the present sound-
ings, the thickness of the shear layer h; - hy was less than 2 or 3 kilo-

meters and elevation-angle changes of less than 0.1° or 0.2° occurred
between the rawin readings for the upper and lower altitudes. Inspection
of figure 7T indicates that under these conditions only small differences
would be determined for the root-mean-square errors in the wind velocity
for the upper and lower altlitudes of a shear layer, and, in order to
simplify the calculations, oy was taken equal to Oyp. The relation

for the root-mean-square error :Ln the longitudinal component of the wind
shear then becomes

L '
R ®

A similar procedure was followed to estimate the root-mean-square
errors in the normal components of the wind shear. The final expression
for the root-mean-square error of the normel component of the shear is.

- /2 .
ogt = h_n%_h—o[aca.avnacosa(“n - ) * UV:rlasi]:la(mn 3 a.o?] )

_ Many of the significant normasl-shear layers resulted from large changes
in wind direction; that is, a, - ag Wes up to 45° or greater. Accord-

ingly, both the sine and the cosine terms must be considered in calcu-
lating the value of ogs Zfor the normal-shear cases.

Substitution of the pertinent velues of oy from figure T and the

value of 4° (0.07 radian) for Oy, together with the given values of

h and o for each shear layer in equations (8) and (9), yields the

root-mean-square errors in the longitudinal and normal components .of
the wind-shear layers.
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TABLE I.- CALCUIATIONS FOR LONGITUDINAL SHEAR

Bovin data Caloulations for first altituds intervel
I v b R B B I
deg = = dog

[ — 0.088 % >0

1 1.6 <350 2 332 2 0.9989 .99 T.99 0.242 33.0

2 2.6 690 B 3 -n 98163 12.7% 16 360 2.2

5 .2 1.010 12 2971 -2 555 10.96 -2.0% <320 6.4
» 25.2 1.3%0 12 o269

5 21.2 1.700 15 o2 -17 0.95630 15.30 3.30 0.360 9.2
[ 264 2,050 23 34

7 ™2 2.350 o1 53

8 | = 2.8% 2 = 7 9555 28.78 178 3% 8.7
9 | 9 3.200 32 o33 -1 99503 32.00 3.00 370 8.2
b1 1§.n 3.5 32 o33 o 1.00000 32.00 0 0.370 °
n 8.2 3.920 » 25 -2 99959 32,58 .98 350 2.8
® o %280 37 b ’ 3 99863 36.95 3.9 360 1.0
b 16.0 560 o =h o 1.00000 38.00 1.00 360 2.8
b3 B 5.000 31 24 0 2..00000 37.00 -1.00 370 2.1
bl W6 5.350 31 82 8 0.99027 36.64 «0.36 0.380 =0.9
16 k.0 5.760 » 252 10 5B .33 6.33 370 17
17 3.2 6.300 56 3

18 21 6.430 61 DR

19 n.s 6. 750 58 %1 1 99985 57.99 -3.00 310 9.7
20 10.9 7.120 & 20 -1 0.99903 61.00 3.00 0,380 7.9
a 104 7.50 -} ek

=2 9.8 T.920 80 286

23 9.4 8.310 & 2h2 e 3 99156 80.80 80 «380, 2.1
o5 8.8 8.660 k) 21 99565 TT-99 =3.01L 350 8.6
%5 8.6 9.0% a 20 ~1 99905 80.99 2.9 «380 1.9
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COMPONENTS FOR SOUNDING OF DECEMBER 25, 1953
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Calculaticns for extent of shesr layor Firal, shear calculaticos
% - %09 | coa(e - &9) V,,eoa:(::-co), g: bn;bo- :;h ﬂna:;o- co8 (e - o) Vnmn(:"lo)- 'n“(ﬂn‘;"o)"m "n;:o' :.;'n :-
2 0.99939 .99 7-99 o2 | 33.0 |oa
-9 0.98769 10.8% 0.85| 0.360 2.h
~52 61566 1.3 =357 30 | -0.8] -5 £1566 1.9 =5.61 50 | 8.6 { .7
-69 0.35837 5.7 ~1.66] 0.360 4.6
-22 .28 .33 6.031 .30 17.2
-28 88295 23.84 25| koo 63| -8 0.88295 5.8 11.8% 1110 | 10.7 |23
=3 B1915 5.7 08| .38 .2
-1 99965 32.00 3.00 370 B |2.8
-1 0.99563 32.00 [ 0.370 0
3 0,99863 36.98 3.95 036 | .o }3.9
3 93663 37.% 1.00| .30 2.8
1 0.98163 .97 2.6 | o.3%0 .2
20 58k 60.07 5.20| 330 13.5| 10 0.98%61 60.07 23.07 Lo | 2.2 |5
9 -B759 57.29 -2.18| .30 -9.0 -1 99985 57.99 =5.00 «310 9.7 |6
-2 0.99939 60.96 2.95| 0.5% 7.8
-2 59959 D 3.5 | <390 .8
93619 9.9 A7 20 n3| -5 0.95619 ™90 2.7 1390 | 18.2 |6.7
99156 80.80 30| 360 2.9
-1 99965 T1.99 -3.00 0 | 8.6 |83
-2 <9999 80.% 2.95| 3% 7.8
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TABLE I.- CALCUIATIONS FOR LONGITUDINAL SHEAR COMPONENTS

Ravin data Calculaticns for first altitnde intexval
g I e e C e e T L it e I8
deg s dog
o5 8.3 9480 9 2o
b4 7.9 9.850 9 238 -2 0.99959 50.9% -8.06 0.510 «19.6
-] T-7 10,300 62 3
29 17 10.6%0 80 =31 » 99756 79.80 17.80 %0 52,4
L 73 | .99 ] a3
n T.2 1L.M0 S0 23 ] 1.60000 50.00 =3.00 0.450 6.7
] 7.0 0.8 ] o 1 99503 .99 %99 Mo | e
33 6.9 12,220 103 28
.3 6.6 12370 103 -] 2 -99585 102.98 -02 «350 -l
» 64 12.900 00 252 2 ~99%9 99,54 -3.06 =30 ~9.3
3% ) 63 13.280 60 239
3T 6.3 13.620 ko 6 .
%8 6.3 23.910 L3 b1 1 0.99583 ¥3.99 3.99 2.5 .8
% 6.3 ".220 ) 25
L 63 320 ny L]
n 6.1 540 100 A[6 -3 0.99619 99.62~ ~17.38 0420 | M4
-] 61 13.330 L) 220
x3 6a 15.700 2 20
W 6 16.030 % 0 ° 1.00000 %0.00 -2.0 30 6.1
6.2 16.570 » *6
% 6.3 16.700 E) =7
L4 6.3 17.000 L) =0 -1 0.953 13.66 25.66 0.300 8.5
8 6.3 17.510 61 &6
L4 6.2 17.60 61 26 100000 67.00 0 300 L
0 62 17,510 . %6 4] 1.,00000 T7.00 10.00 <300 B3
a 6.2 18.220 F A6 -] 1.00000 Te.00 0.300 0.300 «10.0
32 6a 28,520 o F-T
3 62 18.83%0 -3 246
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FOR SOUNDING OF DECEMBER 23, 1953 - Concluded
Calculations for axtont of sheer layer Firal shoar caloulaticns
.‘a::w cos (o, = 50) Ya “-(::-"0): = "n;"ol -:;h- ﬁ‘;"o' confa, - ag) a “(.::“'o)' A “(ﬁ;‘o)"o- llnl-“"o- ;;h ":;
-1 0.99585 8.9 1B.00[ oMo | mo.9] 0.59583 $8.99 20.99 0820 | 25.6] 8.7
«99863 $0.88 8.1 &0 | -29.8
-7 9553 6Lk 852 Mo | Ws2] -7 9925 6rsh 3.7 £20 | M7 9.5
-3 «99663 .89 8.3 %0 | ko
1 SEAGL .29 nwl so| 1| 20 +9BkEL sl.59 29.39 490 | b2.9 105
10 +0.96481 .63 2% oo | -6.6 [} 1.00000 90,00 -3.00 o450 | 67|10
2 «99965 94.99 k.99 430 1.6
5 99619 102,61 6] | 27| 5 99619 102.61 12,6 80 | 162
6 ] 202,44 =17 <350 =5
w | osma %.09  |-soss]| oo |-
T 99253 3970 ~19.39 S0 | 5T.0 T 0.99253 39.70 ~63.30 1.050 | 60,3 |12.6
8 ~ghoar 3,51 3.87 290 13.3
3 99619 5977 3.7 300 | 52,6
] 499619 n6.55 s6.18| .;0 ] 832 2 99619 n6.55 17655 %00 | .16
-10 0,56481 96.48 -8.07| o.ke0 | 43.0
-1 98163 a2 5250|350 |-A3%.6
-1 -98163 s S589| S0 | -13.9] -4 0.98163 N BT 2.180 | 62 [k
21 +58163 29.21 ~L.56 <30 5.9
\6 99%52 481 529 %0 | 153
ar 0.95630 9.3 .68 oo | Ans| a7 0.9630 9.3 22,87 1.000 | -22.9]1s.7
1 58482 B30 28.a7| .00 | 7.2
- 98163 &.17 sonf 0| 9| n 98163 6.7 BT &0 | 0|67
- 50163 65.77 ° +500 °
° 1.00000 71.00 10,00 300 | 33.3]27.6
] 1.00000 .00 ~3,00| 0.300 | -10.0
(] 2.,00000 40,00 =3%.00 #3520 | ~109.7
[ 1.00000 22.00 -18,00] 320 | -58.1 [} 1.00000 £2.00 53400 0.920 | -53.8|11.9
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TABIE I

FREQUERCY DISTRIBUTICNG OF WIND BEEAR

{a) Longitudinel oceponemt
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(a) Conelndea

FREQUENCY DISTRIBUTICNS OF WDND BHEAR
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(b) Horeal ecponent
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FPREQUENCY DISTRIBUFICRS (F WIND SHEAR

R
2l P 8 2 2 grne i~ e
0
m geam 8 2 |2 feRganes o lgleR 4
8
w. gRRAnen ~gIdI2 |13 |2 ggrenacens @R E |3 3
)
M gageon- B 1§ |2 BHgRaond 2Ele |3 2
m ”1 [ [-.3 5121112 o N [ >3 [-.3
3| (% ! s |4 #ey 81817 |3 ¥
.n:l.:' At o - g nonA o ~
m 8 RRa 2 2 |4 R AAEIR |3 ]
3
& A ™ )
m m a RS EDe Rlefa |5 4
®
m §RYon- #la[s [ @ gRg o 8 3 3
&
M mmwnzslll ” ” m M .”ﬁmns.?llll % .!l.l m M
2
M fgRA » RiE 3 gaaoee 28 q s
m _”u’ 2] ~ N =
3. g 4 ) | P 3
n
8 gasrn- glg1z |13 |2 Rygana Bld|a 3
3
A958R 3HE NHE
) RILAR HE A9 S HRILARSS I% (312
mm 3338833838 |8 882338383338 - 13~
oI HRARIE A M m CA9IRARTIL AR m m




NACA TN 3732 25

32

28

24

20

o

Altitude, km

N

N

] L 1 ] 1 1 |
0 100 200 300 400 500 600 700
Number of soundings

Figure 1.~ Number of soundings reaching various altitudes for one-year
- observetions used 1n present study.
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(a) Large veriations in wind speed.

Flgure 2.- Samples of wind data.

[N



NACA TN 3732 _ o7

20r -
16} n
E 2t -
s
=)
2
= °r -
al- Dec. 12,1953 n
10 AM
1 ] [ '
(0] 40 80 120 90 180 270 360 90
Speed, mps Direction,deg
20 -
16} . -
£ 2L I
®
2 )
2
z 8r -
a4} June 29,1954 L
10 AM
1 1 ) 3
o 40 80 120 180 270 360 180
Speed, mps Direction, deg
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Figure 2.- Concluded.
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28

- Tustration of method for evaluating wind shear layers from
soundings obtained from AN/G’MD—l rawin system.

Figure 3.
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Figure 4.- Varietion of wind shesr intensity with thickness of shear layer for longitudinel and
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Flgure 5.- Distributions of thicknesses of shear layers for dlfferent

altitudes during the winter season.
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Figure 5.~ Concluded.
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